Purpose: Contamination with bacteria and/or fungi is a serious complication in organ-cultured corneas. Hence, antibiotic and antifungal agents are added to the culture medium. The concentration of different antimicrobial and antifungal additives to the media over time has so far not been investigated in detail and is the aim of this study.
S
toring donor corneas is essential in modern eye banking. Many eye banks, especially in the United States, use cold storage at 4°C and commercially available solutions such as Optisol (Bausch & Lomb, Rochester, NY). This allows storage for up to 2 weeks. 1, 2 Warm preservation at 31 to 37°C is more commonly used in European eye banks: corneas can be stored up to 4 weeks in organ culture medium consisting of minimum essential medium with the addition of 2% fetal bovine serum. [2] [3] [4] [5] [6] Antibiotics and antifungal agents are added to the organ culture media to kill contaminants and to avoid iatrogenic infections at transplantation. Despite this prophylaxis, severe complications like endophthalmitis can still occur. 7, 8 Little is known about the decay characteristics and efficacy over time of antimicrobial agents kept at body temperature. Therefore, we studied the concentration of the most commonly used antimicrobial and antifungal additives over time under the standard conditions established at the local eye bank at the Department of Ophthalmology, University Hospital in Bern.
METHODS

Sample Preparation
Nine human corneoscleral discs unsuitable for transplantation were excised under sterile conditions from intact globes not later than 6 hours post mortem and stored each in a corneal culture medium consisting of 2% fetal bovine serum and minimal essential medium (Sigma Aldrich, St Louis, MO) following the standard protocol of the eye bank of the University Hospital of Bern. The culture medium contained 1200 mg/mL penicillin G, 25 mg/mL amphotericin B, 120 mg/mL streptomycin, and 100 mg/mL voriconazole. The concentration of amphotericin B used in this study is 10 times higher than in clinical routine to allow easier detection. The corneoscleral discs were immersed each in 50 ml of culture medium and were kept in screw-cap beakers at 37°C for 28 days.
At day 0, 7, 14, 21, and 28, 1-mL samples of culture media were aspirated under sterile conditions after stirring the culture media for 1 minute. The samples were sent to the laboratory (Interlabor, Belp, Switzerland) where they were stored at 4°C until analysis within 5 days.
Measurement of Antimicrobial Concentrations
Detection of penicillin G, amphotericin B, streptomycin, and voriconazole was based on liquid chromatography and electrospray ionization tandem mass spectrometry.
Chromatographic separation was achieved at 25°C on a Phenomenex Gemini C-18 5 mm, 150-· 2-mm column using isocratic elution in a mobile phase of methanol and acetic acid in purified water. The samples were diluted with methanol and analyzed directly using a triple quadrupole mass spectrometer with positive electrospray ionization in multiple reaction monitoring mode. The limit of quantification of this procedure was 0.25 mg/mL for each compound.
Statistical Analysis
To compare the concentrations of the antibiotics at different times, the Wilcoxon test was used. Regression analysis of temporal decay of the concentrations was done assuming linear or exponential decay including the regression coefficient R 2 . All statistical calculations were performed with WinSTAT for Excel (R. Finch Software, 2015). P , 0.05 was considered statistically significant.
RESULTS
Absolute Concentrations
During corneal storage, the concentration of antibiotics and antifungal substances declined significantly over time (penicillin G: P = 0.007, after 7 days and later; amphotericin B: P = 0.03, after 14 days and later; streptomycin: P = 0.008, after 14 days and later; voriconazole: P = 0.008, after 7 days). The absolute and percentage concentrations at different time points are listed in Tables 1 and 2 .
Relative Concentrations and Decay Analysis Decay of voriconazole includes an immediate reduction between day 0 and day 7, from then on the concentration remains stable (Fig. 4) . Neither linear nor exponential functions yield a meaningful mathematical fit (linear: R 2 = 0.2949, exponential: R 2 = 0.2771). A 1-step function is assumed.
DISCUSSION
Large studies in European eye banks have shown a contamination rate between 0.5% and 11% in organcultured corneas. [9] [10] [11] [12] [13] [14] [15] The Hamburg eye bank found 4.7% fungal and 2.6% bacterial contaminants in 4546 tested cultures. 9 In contrast, the Besançon group reported 1.1% fungal and 4.6% bacterial contamination in 1156 tested storage media. 10 Variable culture protocols used in different eye banks may impact on the contamination spectra. For example, storage temperature at the Hamburg eye bank is 37°C
, whereas at the Besançon eye bank it is 31°C. Interestingly, the most common contaminating agents reported by both groups were similar: Staphylococcus spp., Streptococcus spp., Escherichia coli, and Candida spp. The antimicrobial agents tested in this study are active against all of these pathogens, and the concentrations used have been proven to be nontoxic for the corneal endothelium. 9, [16] [17] [18] Three different types of decay were identified: exponential-indicating a first-order chemical reaction, linearindicating a zero-order chemical reaction, and a 1-step decay. During the exponential decay (penicillin G and possibly amphotericin B, and streptomycin), indicating a first-order chemical reaction, a constant percentage of penicillin G is consumed per time unit. In processes with a linear decay (possibly amphotericin B, and streptomycin), the concentration is reduced by a constant amount per time unit. In exponential decay, the loss results from a simple degradation of the molecule itself and may be described by a half-time value. The linear decay may result from consumption by a constant number of corneal cells. The 1-step function is related to a single event (voriconazole) such as precipitation out of the solution or uptake by cells.
The European Committee on Antimicrobial Susceptibility Testing (EUCAST) published current results of the range of minimum inhibitory concentrations (MICs) for antimicrobial agents of a large European collection of bacterial and fungal pathogens. 19 The MICs cited by the EUCAST for antibiotics and antifungals of the most common contaminating agents in corneal storage were used in this study.
Our results indicate that the penicillin G MICs for the most common gram-positive bacteria in corneal storage media, Staphylococcus and Streptococcus species, 9,10 are exceeded for the total duration of the storage. The highest penicillin MIC currently reported by the EUCAST for coagulase-negative staphylococci and S. aureus is 128 mg/mL. 19 None of more than 37,000 isolates of Streptococcus pneumoniae had a penicillin MIC .8 mg/mL. 19 In this study, the concentration of penicillin G never fell below the highest reported MIC for staphylococci and streptococci. Most probably, the decline in the concentration is not due to metabolism by cells but due to the degradation of penicillin G. In the literature, highly variable exponential decays are reported. 20, 21 Temperature is an important parameter: at 5°C, the remaining concentration left after 1 month in bovine serum 20 is approximately 25%. In contrast, at 37°C, a penicillin G half-life of 5 days was noted, 21 which would result in a concentration of 25% after only 10 days. Our finding of a penicillin G concentration of 25% after approximately 19 days (Fig. 1) is within the reported range.
The reduction of both amphotericin B and streptomycin concentrations follows different kinetics (slow exponential or linear decay). The stability of streptomycin in Optisol was investigated at room temperature by Trousdale and colleagues 17 who found no significant decrease in the concentration over a 4-week period, which is in accordance with data by industrial providers. 22 The EUCAST reports streptomycin MICs in excess of 64 mg/mL for far less than 1% of S. aureus and coagulase-negative staphylococci. The streptomycin levels found in our study inhibit more that 99% of staphylococcal isolates. However, 13% of E. coli isolates were reported to have streptomycin MICs .64 mg/mL and might thus not be reliably inhibited by the concentrations achieved in our culture media. 19 As resistance may become more frequent, corneal eye banks need to evaluate new antibiotics as additives to avoid contamination of the donor button.
The highest reported amphotericin B MIC is 2 mg/mL 19 for the most common contaminating yeasts, which are Candida isolates (C. albicans, C. glabrata, and C. krusei).
9,10
In Bern, like in other eye banks, 9,14,15 amphotericin B is routinely used at 2.5 mg/mL as the initial concentration in the culture medium. Assuming an exponential decay, this would result in 1.5 mg/mL at the end of the storage period, which is below the highest MICs reported for Candida. If linear decay is assumed, like consumption by corneal cells, no amphotericin B should be left at day 28. Therefore, we recommend increasing the initial concentration to 5 mg/mL, the highest concentration found to be nontoxic to endothelial cells. 9 In Bern, where a medium change is performed for metabolic reasons at day 14 as suggested by Redbrake et al, 23 the amphotericin B concentration will exceed the highest MIC for Candida during the 14-day period of storage for both possible 
19
The voriconazole concentration does not show a constant decay, but a 1-step function. In all samples, we observed a loss from the starting point to day 7 and no further reduction thereafter. A possible explanation is precipitation out of the solution. The highest reported voriconazole MIC 19, 24 for C. glabrata, C. albicans, and C. krusei is less than 2 mg/mL and, therefore, the concentration is sufficiently high to inhibit fungal growth at all times up to day 28. Adams et al 25 investigated the decay of voriconazole in polyvinyl chloride bags stored over 21 days at room temperature in a dark environment. They observed a linear reduction of approximately 15% and assumed precipitation on the surface of the polyvinyl chloride bag rather than decay. This is in accordance with our results.
Layer et al 26 studied the efficacy of amphotericin B and voriconazole for controlling contamination in Optisol solutions. It is known that amphotericin B is a potent antifungal agent against Candida species and has no significant endothelial toxicity at concentrations below 5 mg/mL.
9,26
Layer et al studied C. albicans and C. glabrata both of which were completely inhibited at an amphotericin B concentration of at least 4 mg/mL. They also found that voriconazole at a concentration of 50 mg/mL compared with untreated controls did not result in a significant growth reduction. Voriconazole did not exhibit any endothelial toxicity up to 50 mg/mL.
26
In contrast, Ritterband et al 18 found a significant reduction in fungal contaminations in corneas stored in Optisol with voriconazole added. However, there were significant differences between both studies. 18, 26 Ritterband et al assessed corneal donor rims that had been stored for only 1 day, and performed cultures only if turbidity of the medium was noted. In contrast, Layer et al stored samples for 14 days and performed cultures on all media beakers. Furthermore, the concentration of voriconazole in the Ritterband group was 2 times higher (100 mg/mL) than the highest concentration used by the Layer group (50 mg/mL). Although it could be argued that higher concentrations would be more effective, the concentrations used in Optisol should not exceed the published maximum MICs by a factor of 50 to 100.
One limitation of this study is the long period from sample collection to analysis, which could not be reduced because of logistics.
In summary, amphotericin B and voriconazole seem to be comparable both for the spectrum of coverage of fungi important in eye banking and for the maintenance of therapeutic levels in organ culture media. There is no need to use both in the same medium. From an economic point of view, amphotericin B is cheaper and may, therefore, be preferable.
To conclude, current prevention of bacterial contamination with combined penicillin G and streptomycin-as used in most corneal storage media-seems to be sufficient. Only E. coli has a certain percentage (13%) of resistant bacteria and, therefore, a new additive should be evaluated in the immediate future. The amphotericin B concentration should be raised to 5 mg/mL to maintain effective concentrations over 4 weeks, especially when there is no media change during storage. Amphotericin B and voriconazole have equivalent effects on fungal contamination and, therefore, there is no need to use them simultaneously in the same medium.
